The familial disease of the cerebral white matter named after Krabbe (1916) may be distinguished histologically from other leucoencephalopathies of early life by the presence of conspicuous nests of macrophage cells, some of large size with several peripherally placed nuclei, lying closely packed around the smaller vessels of the cerebral white matter. The large multinucleated cells were designated 'globoid cells' by Collier and Greenfield (1924) , and Greenfield (1958) later gave the name 'epithelioid' to smaller mononuclear cells which also help to form the perivascular packets. Both types of cell contain a substance having the histochemical properties of a glycolipid bound to protein (Diezel, 1955; Stammler, 1956 ). Since mononuclear, or sometimes multinuclear, cells containing complex lipid material may be present in other types of diffuse sclerosis (Ferraro, 1927; Seitelberger, 1960) , it is necessary to stress in the definition of Krabbe's disease this relationship of the cell packets to the smaller vessels. If this criterion is applied, there are some 25 recorded cases of this disorder (Hallervorden, 1957) , all of which concerned children dying before the age of 7 years. There are also two, more doubtful, sporadic cases which have been described in adults (Verhaart, 1931; Guillain, Bertrand, and *Gruner, 1941) . This list includes the earliest case on record, that of Bullard and Southard (1906) , who described typical neuropathological findings in a boy dying at the age of 61 years after an illness lasting one year.
There has been much speculation as to the origin and function of the globoid cells, whether they are formed by microglia engaged in engulfing and transporting products of myelin breakdown to the vessels, or whether they are derived from the vascular adventitia and, if so, whether their abnormal lipid content is a phenomenon of primary storage, as in a lipidosis. The recent observations of Stammler (1956) strongly suggest that the perivascular globoid and mononuclear cells are both adventitial derivatives and our cases throw further light on this important feature.
The histological observations on these cases have been supplemented by chemical analysis of the cerebral cortex and white matter, using a method by which neutral or true cerebroside may be separated from other glycolipids. We have found this to be present in relatively normal amount despite the severe degeneration of the white matter and a substantial loss of other myelin lipids.
Case Reports Case 1.-A boy aged 9 months at death was the second child, an elder sibling being healthy. The parents were normal and not blood relations. He was born at full term and weighed 71 lb. Progress was normal until the sixth month when feeding became difficult and the legs were noted to be stiff. On admission to hospital two weeks later, he showed head retraction, marked spasticity of the limbs, and extensor plantar responses. The optic discs were slightly pale but he appeared alert and could follow objects with his eyes. A ventriculogram showed slight dilatation of the frontal horns and much subdural air. Examination of the cerebrospinal lumbar fluid showed no cells, protein 270 mg. per 100 ml.; fluid from the right ventricle, 40 cells, 170 mg. of protein per 100 ml., and from the left ventricle 3 cells, 170 mg. protein per 100 ml. A radiograph of the spine showed unfused neural arches down to D9. During the last months of life a steady deterioration ensued. Muscle tone varied but the usual posture was one of opisthotonus. Death followed an attack of bronchopneumonia.
Case 2.-A girl aged 6 months at death was the younger sister of the first patient (Case 1). Birth was normal and the birth weight 8j lb. She appeared to be developing normally until the age of 3 months, when jerky movements were noticed in the arms and legs and she became difficult to feed. On admission to hospital at the age of 4 months, she was found to be an irritable child with a high-pitched cry. The limbs jerked frequently. There was no spasticity at this stage. The plantar responses were extensor. Lumbar puncture yielded a slightly bloodstained fluid with a protein of 340 mg. per 100 ml. Tests for toxoplasmosis were negative. There was no 223 group.bmj.com on May 29, 2017 -Published by http://jnnp.bmj.com/ Downloaded from abnormal aminoaciduria on chromatography. During the next weeks she developed a generalized spasticity and became opisthotonic. She had increasing difficulty in swallowing and death occurred after a respiratory infection.
Case 3.-A boy aged 13 months at death was the firstborn child of healthy parents who were not blood relations. He was born by forceps delivery owing to foetal distress, but appeared to make normal progress until he was about 2 months old, when vomiting and feeding difficulties began and the legs were noted to be stiff. At the age of 6 months he was found to be about three months retarded in his motor and adaptive behaviour (Griffiths mental development scale). Progressive mental deterioration and spasticity developed and death occurred from bulbar paralysis. Shortly before death the blood of the child and mother were examined for toxoplasmosis with negative results.
Examination of the Central Nervous System
With certain exceptions to be noted later the pathological features of these brains were closely similar and will be described together to give a composite picture.
Macroscopic.-Brain weights (unfixed) were in Case 1, 666 g., in Case 2, 616 g. The meninges and convolutional pattern were not remarkable. In Case 2 the optic nerves were unduly large. On section, the lateral and third ventricles were slightly enlarged. The white matter of the cerebral hemispheres was tough and greyish except for the subcortical U fibres of Cases 1 and 3 which appeared to be preserved. The cerebellar white matter was sclerosed and in Case 3 the folia were slightly shrunken, especially on the dorsal surface. The brain-stem and spinal cord were also firmer in consistency than the normal and in Case 3 the distinction between grey and white matter was obscured. Prominent lateral sulci were present in the spinal cords.
Microscopic.-Representative blocks were examined in celloidin, paraffin and frozen sections, stains for nerve cells, axis cylinders, myelin, fibrous neuroglia, lipid and carbohydrate being employed.
Changes in White Matter.-Frozen sections stained by Kultschitsky-Pal revealed a severe loss of myelinated fibres in the cerebral and cerebellar white matter ( Figs. 1 and 2 ). In Case 3 virtually the whole of the centrum ovale was affected, though the U fibres were well preserved. In Case 2 the U fibres were not so strikingly spared (Fig. 3) . In Case 1 the loss was most marked in the central regions of the hemispheres, and the occipital lobe was relatively well myelinated except for the optic radiation and periventricular fibres (Fig. 5) .
In the basal ganglia a diffuse but incomplete loss of fibres was seen in the thalamus. The globus pallidus in Cases 1 and 2 was similarly affected, but in Case 3 the changes were more patchy. The striatum in Cases 1 and 2 was almost devoid of fibres, but in Case 3 the compact bundles in the putamen were remarkably preserved (Fig. 6 ). The internal capsule was severely damaged in all cases, while the optic tracts retained some of their peripheral fibres (Fig. 6 ).
The mammillothalamic fasciculus and the stria medullaris were well myelinated.
In the brain-stem the cerebral peduncles ( Fig. 7) and pyramids had completely degenerated, and the latter contained small cavities in Cases 2 and 3. The restiform body, the transverse fibres of the pons, the medial lemniscus and inferior olivary fibres, were well preserved in Case 1 only. The superior cerebellar peduncles were severely affected. There was a striking preservation of the intramedullary portions of the cranial nerves, and of the medial longitudinal bundles.
Myelination of the spinal cord was poor throughout, particularly in Case 2. The posterior columns in general were less affected than other tracts. The pyramidal tracts were severely damaged, while elsewhere the fibre loss was diffuse and incomplete.
Loss of axis cylinders generally went hand in hand with demyelination, though it was noted that considerable numbers of fibres remained in the severely demyelinated internal capsules and optic nerves.
A fibrous gliosis of remarkable density was present throughout the entire white matter, reaching its maximum in the fully degenerated areas (Figs. 4 and 8). In the latter situations the cellular proliferation was also extremely marked, the astrocytic nuclei being unusually large and pleomorphic. The cell bodies were swollen and stained faintly with the periodic-acid-Schiff (P.A.S.) method. Oligodendroglia had largely disappeared from the sclerosed areas but was present in less affected parts of the white matter.
Microglial cells, many with swollen processes staining pink with P.A.S., were numerous in the U fibres and less affected areas of the cerebral white matter. In Case 2 the corpus callosum and pillars of the fornix contained large aggregations of microglial cells showing droplets of neutral fat and doubly refractile lipid in their processes, but fully formed fat-granule cells were rare. The scarlet-staining lipid occasionally seen in the walls of vessels in the white substance was mainly in the form of extracellular droplets.
Globoid and epithelioid cell packets were a characteristic feature of all cases ( Fig Radin, Lavin, and Brown (1955) . By this method the acid carbohydrate lipids, namely, ganglioside and cerebron sulphuric acid, are separated from the neutral carbohydrate lipids (cerebroside). Lipid extracts obtained by hot extraction with 2 CHC13: I MeOl-f were used, extraction with acetone being omitted. The dried cerebroside was hydrolysed and the hexose estimated by the method of Mallov et al. (1953) . Lipid sulphur was estimated by a modification of the method of Cuthbertson and Tompsett (1931) . The lipid extract was ashed with HNO3 and a small amount of NaCl, the ash taken up in 4% trichloracetic acid and the precipitated sulphur estimated colorimetrically. More than 10 ptg. S. must be taken for the precipitation to be complete (Dodgson and Spencer, 1953) , and the aliquot taken for colorimetric estimation should contain about 2 jug. S. Hexosamine, neuraminic acid, and other substances analysed were estimated by methods cited in previous papers (Tingey, 1956 (Tingey, , 1959 . Sphingomyelin was assessed by difference of the choline fractions and does not include cephalin B.
Time in Formalin.-The brains from Cases 1 and 3 had been fixed in 10 % formol saline for two weeks and 10 months respectively before analysis was started. The brain from Case 2 was obtained unfixed. Control material consisted of two normal brains of infants dying at 9 months, one unfixed, the other fixed in formalin for approximately 12 months. Use has also been made of a normal brain of a child of 12 months which had been fixed in formalin for about a year.
Results
Glycolipids.-In the white matter the neutral hexose has remained at a surprisingly high figure compared with the normal, while in the cerebral cortex it shows an absolute increase over normal (Table I ). In the fresh brain (Case 2) both the lipid Table II ) also showed a similar reduction in the white matter (0-8 and 09 respectively). Other Estimations.-The free cholesterol is reduced in the white matter of the three cases (Table III) . No appreciable change is present in ester cholesterol. In Cases 1 and 2 there is an increase in the non-lipid hexosamine in both the white and grey matter. In the fresh brain (Case 2) there is a four-fold increase in the water-soluble hexosamine of the white matter.
in that the loss of myelinated axons tends to be widespread throughout the central nervous system and is particularly severe in the cerebrum, the cerebellum, and the cortical projection fibres. From the chemical standpoint the leucodystrophies also differ from true demyelinating diseases in their raised level of lipid hexosamine, a peculiarity which they share with certain lipidoses (Edgar, 1957) .
It has already been pointed out that the pathognomonic histological feature of Krabbe's disease is the presence of packets of globoid and epithelioid cells around the smaller cerebral vessels in the degenerated white matter, but the final classification of this disease will doubtless depend upon the identification of the predominant chemical abnormality. Histochemical studies (Diezel, 1955; Stammler, 1956) (1960) , only the 'galactose cerebroside' (calculated from the total lipid hexose) was estimated. This was found to be substantially increased in both cortex and white matter in the Bielschowsky and Henneberg (1928) to signify an inherited disease of the white matter, in which the predominant products of abnormal myelin metabolism are not the usual scarlet-staining lipids found in disseminated sclerosis or Schilder's disease. Krabbe's disease also conforms to the topographical criteria of a leucodystrophy set out by Poser and van Bogaert (1956) , 3-year-old case of Blackwood and Cumings (1954) but in the six younger patients the cerebroside levels were considered by Cumings to be normal. In our own Case 3 the 'galactose cerebroside' was markedly reduced in the white matter, yet the neutral cerebroside fraction still remained at an almost normal level. This finding suggests that neutral cerebroside is the glycolipid which tends to be selectively retained in the diseased tissues. In normal brains neutral cerebroside increases steadily with chronological age during early childhood and appears to be a better index of myelination than the total lipid (Table IV) . In metachromatic leucoencephalopathy we have found a reduction in this substance (Norman, Urich, and Tingey, 1960 Blackwood and Cumings (1954) believe, it is strange that they should be centred almost exclusively around the smaller vessels, usually those of precapillary size. Blackwood (1954) and Blackwood and Cumings (1954) described in their case extracellular masses of P.A.S.-positive material, and the silver impregnation preparations suggested that these masses became engulfed by marginal microglial cells and eventually turned into globoid giant cells. We saw no extracellular material of this sort in our cases, and Peiffer (1957) has suggested that when free masses of 'cerebroside' are seen in this condition they are merely tangentially cut globoid cells. Opinion seems now to favour the view that these cells are derived from the vascular adventitia (Hallervorden, 1957; Diezel, 1955; Stammler, 1956; Greenfield, 1958) . Hallervorden (1948) was struck by the resemblance between globoid and Gaucher cells, and it is well established that in the infantile form of the latter disease the adventitial cells of blood vessels in the cerebral white matter store a cerebroside-like substance (Norman, Urich, and Lloyd, 1956 ). Diezel (1956) Finally, it may be pointed out that there is no histological evidence of neuronal storage in this condition. While it is known that in infantile Gaucher's disease nerve cells may degenerate and disappear without having previously stored lipid, there is little to suggest that this process occurs in Krabbe's disease. The degeneration of the dentate nucleus and inferior olive which has also been found in some other cases of the disease could be attributed to severe axonal damage. Similarly, the diffuse cerebellar atrophy in Case 3 might also have been secondarily introduced, since it was not sufficiently marked to invite comparison with the almost complete degeneration of the granular layer sometimes seen in amaurotic idiocy and metachromatic leucoencephalopathy. Striatal lesions were noted in our cases, as in that of Collier and Greenfield (1924) 
